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In Situ Transmission Electron Microscopy Study of Conductive Filament 
Formation in Copper Oxides 
Abstract 
The structural and electrical property changes of two types of copper oxides (CuO and Cu 2 O) under 
voltage bias are studied with in situ transmission electron microscopy (TEM). The phases of different 
materials are confirmed with electron diffraction. In both types of oxides, dynamic conductive path 
formation and dissolution are observed. The decrease in resistance of CuO film is found to be 
accompanied with the formation of Cu 4 O 3 phase where the electric field strength is highest. We also 
find that the decrease in resistivity of Cu 2 O film is more extensive and occurs in an area depending on 
the level of current compliance. The physical mechanisms responsible for the observations and their 
implications for the formation of conducting regions in copper oxide-based memristors are discussed. 
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Abstract—The structural and electrical property changes of two 
types of copper oxides (CuO and Cu2O) under voltage bias are 
studied with in situ transmission electron microscopy (TEM). The 
phases of different materials are confirmed with electron 
diffraction. In both types of oxides, dynamic conductive path 
formation and dissolution are observed. The decrease in resistance 
of CuO film is found to be accompanied with the formation of 
Cu4O3 phase where the electric field strength is highest. We also 
find that the decrease in resistivity of Cu2O film is more extensive 
and occurs in an area depending on the level of current 
compliance. The physical mechanisms responsible for the 
observations and their implications for the formation of 
conducting regions in copper oxide-based memristors are 
discussed. 
 
Index Terms—Copper compounds, Memristors, Semiconductor 
device breakdown, Transmission electron microscopy.  
 
I. INTRODUCTION 
OPPER oxides have attracted research interest for their 
potential applications in memory devices, solar cells, 
sensors, and electrochemical devices due to their nontoxicity, 
natural elemental abundance, and remarkable electrical, optical, 
and thermal properties[1],[2],[3]. In addition, copper oxides are 
highly compatible with complementary metal oxide 
semiconductor (CMOS) technology that makes them 
interesting for resistive random access memories (RRAM) 
which rely on the reversible dielectric breakdown in 
semiconductors and insulators[4],[5],[6]. To date, several 
efforts have investigated the resistance switching mechanism 
and dielectric breakdown process in copper oxides[7],[8], and 
the formation of  conductive filaments is frequently suggested 
to explain the decrease of resistance in copper oxides. 
Understanding this process is important for device safety and 
efficiency considerations, but the chemical composition of 
filaments is still a matter of debate due to their nanoscale 
dimensions[9]. Further, no direct correlation has been 
established between the structure and electrical properties of the 
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materials during the application of voltages up to the dielectric 
breakdown strength, complicating efforts to identify when and 
where the morphology change occurs.  
In situ TEM techniques using a specimen holder equipped 
with various capabilities enable the direct characterization of 
structure and physical properties of materials simultaneously. 
To study the dielectric breakdown in copper oxides, we coated 
copper oxides on a wedge shape Si substrate and loaded the 
substrate on a Hysitron PI95 STEM specimen holder which we 
have successfully used to study the effects of applied voltages 
on different oxides[10],[11]. Different parts of the copper oxide 
coating were selectively studied by placing a W probe in contact 
with the region of interest. Voltage was applied between the Si 
substrate (anode) and the W probe (cathode). The area in 
contact with the probe tip experiences the highest electric field 
strength and is named the “contact area”. We chose two regions 
– one composed of CuO and the other of Cu2O which are two 
main phases of copper oxides and important p-type 
semiconductors[12] - to examine the evolution of the structure 
and electrical properties of copper oxides in the presence of 
high electric fields.  
II. EXPERIMENTAL SECTION 
Copper oxide thin films were electrodeposited on Si wedge 
substrate (Bruker, USA) by cathodic reduction of Cu(II) tartrate 
solution. The solution contained 0.2M L(+)-tartaric acid, 0.2M 
copper (II) sulfate pentahydrate, and 3M sodium 
hydroxide[6],[13]. The electrodeposition was performed in a 
conventional three electrode-cell containing Ag/AgCl as a 
reference electrode and Au coil as a counter electrode. The Si 
wedge substrate was first immersed in 5% HF solution for 30s 
to dissolve the native oxide, then rinsed with deionized water. 
To grow the copper oxide film, an applied potential of -0.85 V 
versus Ag/AgCl was applied in a potentiostatic mode at 80 oC. 
The electrodeposited sample was rinsed with deionized water 
and dried. To increase the oxidation of the resultant copper 
oxide film, the electrodeposited film was annealed in air at 
300oC for 3h.  
All in situ TEM characterization was carried out on a FEI 
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Tecnai G2-F20 scanning transmission electron microscope 
(STEM) operated at 200kV. Beam spot size 5 was always 
chosen and the corresponding current dose was about 
2.6×103A/m2. No objective aperture was used. The aperture 
used for selected area electron diffraction (SAED) has a 
diameter of 200nm. The typical TEM micrograph acquisition 
time was from 0.5s to 1s. Notice that discharge from releasing 
the W probe may occur if the W probe is either not well-
grounded or the electron beam current is too high, and the 
imaging will have a sudden large drift.  
III. RESULTS AND DISCUSSION 
We first chose a region composed of CuO. The SAED pattern 
of the pristine film suggests that the film is polycrystalline CuO 
(Fig. 1a). Concentric circles are used as imaginary diffraction 
rings to facilitate the phase analysis, and the first 3 rings are 
labeled. Constant bias with duration of 5s and amplitude 
varying from 1V to 8V was gradually applied to the film. TEM 
micrographs of the CuO film after the applications of 6V, 7V, 
and 8V are shown in Fig. 1b-d.  
After bias at 6V, new diffraction spots appear inside the first 
ring shown by the white circle, and their corresponding 
interplanar distance matches that of the (112) plane of Cu4O3; 
this suggests the reduction of some CuO in the contact area to 
Cu4O3 and the presence of oxygen vacancies (Fig. 1b). The 
other two SAED patterns reveal that no new diffraction spots 
appear in the regions beyond the contact area, suggesting that 
the reduction-induced phase transition is localized. The new 
diffraction spot also appears in the SAED of the same region 
after 7V (Fig. 1c). When the voltage increased to 8V, melting 
of the film at the contact area occurs due to high current density 
and significant Joule heating. Subsequent quenching inside the 
TEM chamber leaves an amorphous phase in the contact area 
revealed by nanobeam diffraction (Fig. 1d).  
The simultaneously recorded leakage current through the 
CuO film under different voltages is shown in Fig. 2a. The 
increase of the measured current as the voltage is increased 
from 1V to 6V is relatively steady (Fig. 2b). Increasing the 
applied voltage to 7V results in a large current spike and 
subsequent fluctuations, consistent with the dynamic 
growth/dissolution of the conductive path and suggesting a high 
concentration of mobile point defects under 7V bias. The 
electric field at 7V is estimated to be 570kV/cm if the voltage 
drop on the degenerately-doped Si substrate is ignored, close to 
the reported dielectric strength of CuO (600kV/cm)[14].  
Cu4O3 is typically more conductive than CuO due to its 
smaller band gap[15], so the formation of Cu4O3 and 
accompanying oxygen vacancies within the CuO matrix in front 
of the W probe can be responsible for the increased leakage 
current after the application of 6V bias and define the region 
where conductive filaments form. A similar trend was reported 
before where CuO was reduced to Cu2O and Cu metal in 
polycrystalline CuO after the application of electric field on the 
order of 100kV/cm which switched the oxide to its lower 
resistance state (the forming process)[16]. The grain boundaries 
in the CuO film can also facilitate the formation of Cu-rich 
phases as noted by previous work[17]. Since Cu4O3 normally 
decomposes to Cu2O and CuO in the range of 670 and 
800K[15], the presence of the Cu4O3 phase suggests that the 
temperature upon the application of 6V should not exceed this 
range and is insufficient to reduce CuO to Cu2O and Cu 
metal[16]. 
Next, we studied another region composed of Cu2O. The 
morphology of the Cu2O in its pristine state, after 5V, and after 
 
Fig. 1.  Morphology evolution in CuO film after the application of voltage bias 
with different amplitudes for 5s. (a) CuO film in its pristine state. Inset shows 
the selective area electron diffraction (SAED) pattern of the region circled with 
dashed line. The W probe was brought into contact at the bottom part of the 
film within the circled region and retracted after each application. (b) CuO 
film after biased at 6V. (c) CuO film after biased at 7V. (d) CuO film after 
biased at 8V. Inset shows the nanobeam diffraction pattern of the circled 
region. 
 
Fig. 2.  (a) Leakage current through the CuO film measured under different 
bias voltages. When applying 8V, the CuO film melts at 1.9s and the current 
drops to 0. (b) The average leakage current is plotted against the applied 




9V are shown in Fig. 3a-c. The W probe was brought into 
contact at the bottom part of the film in four different positions 
(Fig. 3d-g) and retracted after each application. The whole film 
shows the same nanobeam pattern (inset of Fig. 3a), suggesting 
a single crystalline cubic phase. Two levels of current 
compliance (0.1μA and 1μA) were used to restrain the leakage 
current. As shown in Fig. 4a, the current level reached the 
compliance of 0.1μA during the application of 5V while it 
reached the compliance of 1μA under 9V. The order of 
magnitude of increase in leakage currents when the voltage is 
increased from 3V to 5V and further to 9V suggests the 
transition of the film from high resistive state to low resistive 
state (i.e. dielectric breakdown) and the formation and growth 
of conductive filaments. No phase transition was observed in 
the entire Cu2O film neither after the leakage current reached 
0.1μA nor 1μA evidenced by the nanobeam diffraction patterns 
(insets of Fig. 3b-c). The average leakage current measured at 
1V from Cu2O (Fig. 4) is much lower than that from CuO (10-
4µA vs. 10-1µA), which is consistent with the more resistive 
nature of Cu2O  and lower than that measured on polycrystalline 
Cu2O films (~4µA) due to the absence of grain boundaries 
which are found as easy pathways for passage of current[6],[8]. 
By placing the W probe tip at different locations of the Cu2O 
film (Fig. 3d-g), we compared the resistance change within the 
single crystalline region before and after reaching different 
levels of current compliances at Point 3. In Fig. 4b-d, the 
leakage currents shown in dotted lines are collected with 
voltages from 1V to 3V before the leakage current reached 
0.1µA compliance at Point 3, while the dashed and solid lines 
are collected after reached the compliances of 0.1µA and 1µA 
at Point 3, respectively. Correspondingly, they are labeled with 
“1”, “2”, or “3” after the underline in the figure legends. For 
example, “1V_1” is the leakage current collected under 1V bias 
before the current reached 0.1µA compliance at Point 3.  
Despite the ~2.5 times decrease from “3V_1” to “3V_2” in 
Point 2 which may be caused by a slightly different probe 
contact area, all other leakage current under the same voltage 
amplitude in Fig. 4b-d show the following trends: (i) a 1-3 times 
increase in current after reached the 0.1µA compliance at Point 
3; (ii) a 5-100 times increase after reached the compliance of 
1μA, suggesting that a higher level of current compliance has a 
stronger effect on the resistivity of nearby regions (i.e. the effect 
becomes less confined); (iii) the leakage current at Point 2 and 
Point 4 are similar to each other after the breakdown at Point 3 
but higher than that at Point 1, indicating that the effect of 
breakdown has a stronger effect at its closer neighboring region. 
The above trends indicate that a higher level of current 
compliance will promote the formation of larger conductive 
filament and consistent with previous finding on the influence 
of compliance on filament size in Cu2O[6]. 
The relationship between current and charge carrier density 
can be found in the equation: I=A·q·μ·E·n, where I is the 
current, A is the cross-sectional area of the conducting region, 
q is the charge per carrier, μ is the mobility of the carrier, E is 
the electric field, and n is the charge carrier density. If the 
change in μ due to different amounts of Joule heating upon the 
application of bias can be neglected, all the parameters except 
n in the abovementioned relationship can be approximately 
taken to be invariant. So, after the application of 9V, the carrier 
density at regions near Point 3 increased the most, suggesting 
the presence of a concentration gradient of charge carrier along 
the direction perpendicular to the applied electric field (named 
as “lateral” direction).  
The different extents in the increase of local charge carrier 
density and the presence of the concentration gradient imply 
that not only there is a significant amount of point defect (such 
as vacancies or interstitials[18]) generation at the region 
experiencing the highest electric field strength which lead to the 
formation of conductive filaments [19],[20] but also a lateral 
migration of point defects from the filament to its surroundings. 
 
Fig. 3. (a-c) Morphology evolution in Cu2O film after the application of 
voltage bias with different amplitudes for 5s. The insets show the 
corresponding nanobeam diffraction patterns collected at the middle part of 
the film but represent the whole film as they are found to be the same across 
the whole film for all cases. (d-g) TEM micrographs show the four positions 
where the W probe were made contacts with the film. They are named in a 
numerical order. Point 3 is where the 5V and 9V bias were applied while the 
maximum applied voltage for other three contact points was limited to 3V. The 
physical damage at the bottom edge of the Cu2O film is due to unexpected 
movement of the W probe and not a result of the applied biasing.  
 
Fig. 4.  (a) The measured leakage current under different voltages in Cu2O film 
when contact was made at Point 3. The applied voltage bias was gradually 
increased from 1V to 9V but only representative results were shown in the 
figure for clarity. During the application of 5V biasing, the current reached the 
compliance of 0.1μA. While during the application of 9V biasing, the current 
reached the compliance of 1μA. Each bias lasted for 5s. (b-d) The 
corresponding leakage current measured under 1V (blue color), 2V (red color), 
and 3V (black color) at Point 1, 2, and 4 respectively. The numbers after 
underline indicates when the data were collected: 1-before 0.1μA was reached 
at Point 3, 2-after 0.1μA was reached at Point 3, and 3- after 1μA was reached 




The lateral migration can be driven either by Fick’s diffusion 
which pushes the point defects into low concentration regions 
or the temperature gradient due to the Joule heating in the 
filament which causes the thermophoresis of atoms, ions, or 
vacancies laterally[21],[22],[23]. The thermophoresis of Cu or 
O ions can induce Cu2O to deviate from its stoichiometry which 
is equivalent to doping in the semiconductor and lead to the 
increase of charge carrier density in the left and right regions. 
IV. CONCLUSION 
Two types of copper oxides were studied with in situ TEM 
under high electric fields and the characteristic of the 
conductive filament in the two oxides after forming process is 
examined. We find the conductive path formation in both CuO 
and Cu2O is dynamic. Reduction of CuO to Cu4O3 is found only 
in the contact area where the field strength is the highest. The 
decrease of resistance in Cu2O, however, is not accompanied 
with notable change in crystalline phase and can be beneficial 
for resistive memristor application. Also, we find that change 
in the resistance is not confined in the contact area and the 
extensiveness depends on the current compliance level, likely 
the result of diffusion of conductive point defects assisted by 
Joule heating. Our results suggest that both the applied electric 
field and Joule heating can affect the exact characteristic of the 
conductive filament in transition metal oxides. Since most of 
the previous methods are only capable to study the conductive 
filaments based on compositional analysis[24],[25], the 
technique we presented in the current work demonstrated the 
capability to directly measure the electric property and local 
charge carrier density of the conductive region. Therefore, it 
can complement other approaches and help clarify the operation 
mechanism of resistive switching memristor in the future. 
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